Karan ja (Pongamia pinnata) is a na tive of the West ern Ghats and chiefly found along the banks of streams and rivers or near the sea on beaches and tidal for ests. It also grows in dry places far in the in te rior and up to an el e va tion of 1000 m. It grows all over the coun try, from the coast line to the hill slopes. It needs very lit tle care and cat tle do not browse it. It has rich leath ery 
ev er green fo liage that can be used as green ma nure. From year-5, the plant is ex pected to give eco nomic yields and it may con tinue through out its life of 100 years. When it blooms, the pongamia trees are used for bee har vest ing and honey pro duc tion. It has been learned from the rep re sen ta tives of the State Gov ern ments in In dia, that there is am ple scope for cul ti va tion of non-ed ible oil seeds plants in most States [1, 2] . The plants, which can nor mally be cul ti vated for this pur pose, are Neem, Mahua, Karan ja, Kusum, Palm, Lin seed, Jatropha, etc. It is for this reason that the Plan ning Com mis sion has started a Na tional Mis sion on jatropha curcas, which includes large-scale plan ta tion, col lec tion of seeds and set ting up of plants for pro duc ing biodiesel [3] .
Raheman et al. [4] re ported that, the brake-spe cific fuel con sump tion for B20 and B40 die sel oil were 0.1-1.3% higher than that of die sel when tested with karan ja biodiesel blend as fuel. Srinivas Rao et al. [5] in ves ti gated the use of non-ed ible veg e ta ble oils as al ter na tive fu els in die sel en gine. They have re ported the re sults of tests con ducted on an AVI type Kirloskar DI die sel en gine with karan ja oil, ricebran oil, neem oil, jatropha oil, and the cor re spond ing methyl es ters of these oils. They pre sented that brake ther mal ef fi ciency has been found to be lower for veg e ta ble oils. Bhanodaya Reddy et al. [6] stud ied the use of non-ed ible oil (pongamia oil) as an al ter na tive to die sel fuel. They adopted blends of 10, 20, 30, 40, and 50% pongamia oil and diesel oil. They ob served smooth run ning of the en gine at 50% blend of Pongamia oil and also observed that the 20% blend of pongamia oil with 80% die sel gave the better per for mance with lower emis sions com pared to all blends. Singh et al., [7] re ported a tech nique to pro duce biodiesel from karan ja oil. Basavaraj et al. [8] found in their in ves ti ga tions that, brake ther mal ef fi ciency of en gine with honge methyl es ter as fuel is mar gin ally lower than die sel as fuel and BSFC is lower for B20 com par ing with other blends.
The main pur poses of this study was to in ves ti gate the methyl es ter of karan ja oil and die sel fuel mix ture as a fuel in a Kirloskar HA394 DI die sel en gine and to de ter mine en gine perfor mance and ex haust emis sion char ac ter is tics. In the study, methyl es ter of karan ja oil is blended with die sel fuel at 20%, 40%, 60%, and 80% ra tio on vol ume ba sis in or der to re duce the high vis cos ity of methyl es ter of karan ja oil. The ex per i men tal re sults are com pared with those of or di nary die sel fuel.
Ex per i men tal

Fuel prop er ties
The test fuel sam ple of karan ja biodiesel was ob tained di rectly from Tinna Oils & Chem i cals Ltd., Latur, In dia, man u fac tur ers and sup pli ers of karan ja and fish oil biodiesel to TATA Mo tors. The phys i cal char acter is tics of karan ja methyl es ter are closer to die sel oil. The fuel prop er ties of karan ja methyl es ter (KOME) and die sel fuel were tested in Bangalore Test House, Bangalore, In dia and listed in tab. 1. 
Ex per i men tal setup
Tests was con ducted on a Kirloskar En gine HA394, four strokes, three cyl in ders, air-cooled di rect in jec tion, and nat u rally as pi rated die sel en gine with dis place ment of 2826 cm 3 , bore 100 mm, stroke 120 mm, com pres sion ra tio of 17:1 and runs at con stant speed of 1500 rpm. The en gine was cou pled to a gen er a tor set and loaded by elec tri cal re sis tance to ap ply dif fer ent engine loads. The volt age, cur rent and power de vel oped by en gine were di rectly dis played on control panel. The lay out of ex per i men tal test rig and its in stru men ta tion is shown in fig. 1 
(tab. 2).
Ex per i men tal pro ce dure
The se ries of ex haus tive en gine tests were car ried out on Kirloskar HA394 die sel engine us ing die sel and karan ja biodiesel blends as well as sep a rately on fu els at 1500 rpm. Per formance and emis sion tests were con ducted on var i ous biodiesel blends in or der to op ti mize the blends con cen tra tion for long-term us age in CI en gines. To achieve this, sev eral blends of varying con cen tra tion were pre pared rang ing from 0% (neat die sel oil -B0) to 80% through 10% (B10), 20% (B20), 40% (B40), 60% (B60), and 80% (B80) by vol ume. The per for mance data was then an a lyzed from the graphs re cord ing power out put, fuel con sump tion, spe cific fuel consump tion, ther mal ef fi ciency for all blends of biodiesel. The ma jor pol lut ants ap pear ing in the ex haust of a die sel en gine are car bon mon ox ide, hy dro car bon, and ox ides of ni tro gen. For measur ing ex haust emis sions, QRO-402 an a lyzer was used. The brake spe cific fuel con sump tion is not a very re li able pa ram e ter to com pare the two fu els as the cal o rific value and the den sity of the blend fol low slightly dif fer ent trend. Hence, brake spe cific en ergy con sump tion is a more reli able pa ram e ter for com par i son. For an op ti mum biodiesel sys tem, the blend con cen tra tion has been de ter mined based on max i mum ther mal ef fi ciency at all loads and min i mum brake spe cific en ergy con sump tion. 
Re sults and dis cus sion
Fuel prop er ties
The col our of biodiesel ob served to be brown. The var i ous fuel prop er ties of karan ja biodiesel were de ter mined. The char ac ter is tics of biodiesel are close to min eral die sel, and there fore biodiesel be comes a strong can di date to re place the min eral die sel, if need arises. Table 1 sum ma rizes the re sults of fuel tests of die sel fuel and karan ja oil methyl es ter.
En gine per for mance
The en gine per for mance with karan ja oil biodiesel was eval u ated in terms of brake spe cific fuel con sump tion, brake spe cific en ergy con sump tion, ther mal ef fi ciency, and ex haust gas tem per a ture at dif fer ent load ing con di tions of the en gine.
Brake-spe cific fuel con sump tion
The vari a tion of brake-spe cific fuel consump tion (BSFC) with load for dif fer ent fu els is pre sented in fig. 2 . For all fuel tested, BSFC decreased with in crease in load. As the BSFC was cal cu lated on weight ba sis, ob vi ously higher den si ties re sulted in higher val ues for BSFC. As den sity of karan ja biodiesel was higher than that of die sel, for the same fuel con sump tion on volume ba sis, 100% biodiesel yield higher BSFC. The higher den si ties of biodiesel blends caused higher mass in jec tion for the same vol ume at the same in jec tion pres sure. The cal o rific value of biodiesel is less than die sel. Due to these reasons, the BSFC for other blends were higher than that of die sel. Sim i lar trends of de crease in the BSFC value with in creas ing load for dif fer ent biodiesel blends were also re ported by other re search ers [4, [7] [8] [9] while test ing biodiesel ob tained from karan ja, mahua and honge oils. Reverse trends has been ob served by re searcher [10, 11] .
Brake spe cific en ergy con sump tion
Brake spe cific en ergy con sump tion (BSEC) is an ideal vari able be cause it is in de pendent of the fuel. Hence, it is easy to com pare en ergy con sump tion rather than fuel con sump tion. The vari a tion in BSEC with load for all fu els is pre sented in fig. 3 . The BSEC is higher for methyl es ter than die sel. The high spe cific en ergy con sump tion (SEC) is due to the lower en ergy con tent of the es ter.
The BSEC for B20 found to be lower than die sel at full load where as BSEC for B40, B60, B80, and B100 are ob served to be higher than that of die sel. The re verse trend ob served may be due to lower cal o rific value of the blend with in crease in per cent age. Dif fer ent trends of BSEC with in creas ing load in dif fer ent biodiesel blends were also re ported by some re search ers [10, 12, 13] while test ing biodiesel ob tained from lin seed, mahua, and rice bran oils.
Brake ther mal ef fi ciency
The vari a tion of brake ther mal ef fi ciency (BTE) with load for dif fer ent fu els is presented in fig. 4 . In all cases, BTE in creases with in crease in load. This may be at trib uted to re duc tion in heat loss and in crease in power with in crease in load. The max i mum ther mal ef fi ciency for B20 (31.28%) was higher than that of die sel. The BTE ob tained for B40, B60, B80, and B100 were less than that of die sel. This lower BTE ob tained could be due to reduc tion cal o rific value and in crease in fuel con sump tion as com pared to B20. The blend of 20% also gives min i mum BSEC. Hence, this blend was se lected as op ti mum blend for fur ther in ves ti ga tions and long-term op er ation. It is ob served that the ther mal ef fi ciency of die sel en gines is not ap pre cia bly af fected when sub sti tut ing die sel by biodiesel fuel either pure or blended. Sim i lar ob ser va tions have been re ported by Lapuerta et al. [14] .
Ex haust gas tem per a ture
The vari a tions of ex haust gas tem per a ture (EGT) with re spect to en gine load ing are presented in fig. 5 . In gen eral, the EGT in creased with in crease in en gine load ing for all the fuel tested. The mean tem per a ture in creased lin early from 164 °C at no load to 402 °C at full load con di tion. This in crease in EGT with load is obvi ous from the sim ple fact that more amount of fuel was re quired in the en gine to gen er ate that ex tra power needed to take up the ad di tional load ing. The EGT found to be in creased with the in creas ing con cen tra tion of biodiesel in the blends, due to proper com bus tion as biodiesel con tains 10 to 12% ox y gen pres ent in it. 
En gine emis sions
The en gine emis sions with karan ja biodiesel have been eval u ated in terms of CO, HC, and NO x at dif fer ent load ing con di tions of the en gine.
Car bon mon ox ide
Vari a tion of CO emis sions with en gine loading for dif fer ent fuel is com pared in fig. 6 . The CO pro duced with the B100 is in the range of 0.015 to 0.065% which re sults in max i mum reduc tion of Co by 70% as com pared to die sel. It is ob served that the CO emis sions for biodiesel and its blends are lower than that of die sel fuel. The lower CO emis sions of biodiesel blends may be due to their more com plete ox i da tion as compared to die sel. Some of the CO pro duced dur ing com bus tion of biodiesel might have con verted into CO 2 by tak ing up the ex tra ox y gen mol e cule pres ent in the biodiesel chain and thus re duces CO for ma tion. It can be ob served from fig. 6 that the CO ini tially de creased with load and lat ter in creased sharply up to full load. This trend was ob served for all the fuel blends tested.
Hy dro car bon
It is seen in fig. 7 that there is a sig nif i cant de crease in the HC emis sion level with blends of methyl es ter of karan ja oil as com pared to pure die sel op er a tion. There is from 75 ppm to 44 ppm at the max i mum power out put. These re duc tions in di cate that more com plete com bustion of the fu els and thus, HC level de creases sig nif i cantly. The re duc tion in HC emis sion was lin ear with the ad di tion of biodiesel for the blends.
Ni tro gen ox ides
The NO x val ues for dif fer ent fuel blends of die sel and B100 in ex haust emis sions of Kirlosker HA394 are plot ted as a func tion of load in fig.  8 . The amount of NO x pro duced for B10 to B100 is in the range of 154-500 ppm as com pared to that of die sel which var ies from 120-439 ppm. From fig. 8 it can be seen that the in creas ing propor tion of biodiesel in the blends in creases NO x emis sions as com pared with that of pure die sel. This could be at trib uted to the in creased ex haust gas tem per a tures and the fact that biodiesel had some ox y gen con tent in it which fa cil i tated NO x for ma tion. In gen eral, the NO x con cen tra tion var ies lin early with the load of the en gine. As the load in creases, the over all fuel-air ra tio in creases re sult ing in an in crease in the av er age gas tem per ature in the com bus tion cham ber and hence NO x forma tion, which is sen si tive to tem per a ture in crease.
Con clu sions
Based on the re sults of this study, the fol low ing spe cific con clu sions were drawn.
In terms of fuel prop er ties and ex haust emis sion char ac ter is tics, karan ja oil methyl es ter can be regarded as an al ter na tive to die sel fuel.
Brake spe cific fuel con sump tion for B100 is higher than the die sel fuel and it is de creased in blended fu els. In B20 fuel the BSFC is lower than the die sel fuel and all other fuel.
The max i mum ther mal ef fi ciency for B20 (31.28%) was higher than that of die sel at full load. The brake ther mal ef fi ciency ob tained for B40, B60, B80, and B100 were less than that of die sel.
The ex haust tem per a ture in creased as a func tion of the con cen tra tion of biodiesel blend i. e. higher the per cent age of karan ja oil methyl es ter.
In crease in the ex haust tem per a ture of a biodiesel-fu elled en gine led to ap prox i mately 13.8% in crease in NO x emis sions for B100. This is due to the higher tem per a tures in biodiesel-fu elled en gines.
The re duc tion in CO and HC was lin ear with the ad di tion of biodiesel for the blends tested. These re duc tions in CO and HC in di cate the com plete com bus tion of the fuel. 
No men cla tures
